INTRODUCTION
Metallic implants lead to creation of artefacts in CT images. The artefacts are caused by photon starvation and beam hardening effects and may limit the diagnostic value of the CT images, both close to the implant and in the surrounding tissues. 1 Hip prostheses cause severe metal artefacts, which limit possibility to recognize implant loosening and fractures, to diagnose inflammation or haematoma in the surrounding tissues or to diagnose pathology in the pelvic organs.
Over the years, several different strategies for reducing metal artefacts have been used clinically. Simple approaches such as increasing the tube current or tube potential have been shown to be insufficient in most cases. [1] [2] [3] These strategies also have drawbacks, e.g. the radiation dose to the patient is increased. In recent years, however, commercial metal artefact reduction (MAR) software, working on raw projection data, has been introduced by several CT vendors. Projection-interpolation methods are often used in these applications, which for some of the algorithms are implemented in an iterative process. [4] [5] [6] [7] [8] [9] These MAR algorithms have previously been shown to reduce metal artefacts for several types of metallic objects, ranging from smaller implants, such as dental fillings, to larger orthopaedic devices. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Images reconstructed from dual-energy CT (DECT) data have also been used as a way to enhance the diagnostic value of metal artefact-degraded CT images. [18] [19] [20] [21] [22] [23] DECT imaging enables image reconstruction from two energy sources, which allows creation of virtual monoenergetic images. This means that images are generated as though they would have been acquired with a high-energy beam. The user can choose for which kiloelectronvolt (keV) level the image should be generated. This theoretical image reconstruction at a high keV level makes it possible to reduce beam hardening artefacts, without increasing the actual tube voltage and thereby increasing the radiation dose to the patient.
Commercial MAR techniques have previously been evaluated for numerous applications, but only a few studies have evaluated several commercial MAR techniques in the same way. 5, 12 These studies have been based on quantitative measures only, such as CT number accuracy and noise, hence comparative studies including visual grading evaluation are still lacking in literature.
Therefore, the aim of this study was to qualitatively evaluate several MAR techniques in CT imaging of metallic hip prostheses. The main objective was to evaluate the visualization of bone close to hip implants.
METHODS AND MATERIALS
Phantom A phantom simulating a patient with bilateral hip implants was used in the study. 5 The phantom consisted of two chromiumcobalt hip prostheses inserted into the hip and femur bones of a calf by an orthopaedic surgeon. Almost no soft tissue was left. Based on CT imaging of the phantom, the bones were judged to be an adequate simulation of the human anatomy.
The bones with the inserted prostheses were placed in a waterfilled rectangular-shaped polymethyl methacrylate box. The cross-sectional area of the phantom was 20 3 40 cm 2 , and the implants were placed about 20 cm apart. The bones with implants were centred in the phantom with plastic slabs and rods. The use of rods made it possible to place the bones with implants in approximately the same position for every CT scan.
Image acquisition
The hip prosthesis phantom was imaged with MAR techniques on four different CT scanners: Philips Ingenuity Core (Philips Healthcare, Best, Netherlands); Toshiba Aquilion ONE™ Vi-SION Edition (Toshiba Medical Systems, Otawara, Japan); GE Discovery™ 750HD (GE Healthcare, Milwaukee, WI) and SOMATOM® Definition Flash (Siemens Healthcare, Forchheim, Germany). In addition to acquiring CT images with the specific MAR technique of the scanner, 120-kVp CT images without using any MAR technique were also acquired for every CT scanner. The images acquired without any MAR technique are hereafter called uncorrected images.
The CT scan parameters for each CT scanner are summarized in Table 1 . In addition to evaluating the MAR techniques, the effects of reconstruction kernel and iterative reconstruction (IR) on the metal artefacts were studied. Both uncorrected and MAR images were reconstructed with IR and filtered backprojection (FBP), and with a soft and sharper kernel. The choice of which kernels to use was based on recommendations from the application specialists for each CT scanner and on the kernels that are commonly used in the hospital's clinic for CT examinations in the pelvic area. The soft kernel is commonly used for examination of soft tissues in the pelvic area and the sharper kernel for depiction of bone. An intermediate level of the IR algorithm installed on the CT scanner in question was used in the evaluation.
The volume CT dose index (CTDI vol32 ) was kept constant during all scans. The scan parameters, including the CTDI vol32 , were chosen with the purpose of being as similar as possible for the four different scanners.
Metal artefact reduction techniques
The evaluated single-energy CT scanners (Philips Ingenuity Core and Toshiba Aquilion ONE ViSION Edition) use MAR algorithm software to reduce the artefacts; O-MAR (metal artefact reduction for orthopaedic implants) (Philips Healthcare, Best, Netherlands) [4] [5] [6] 9 and SEMAR (single-energy metal artefact reduction) (Toshiba Medical Systems, Otawara, Japan). 8 The evaluated DECT scanners (GE Discovery 750HD and Siemens SOMATOM Definition Flash) use monoenergetic reconstructions of DECT data to reduce metal artefacts.
The GE CT scanner, a single-source DECT with fast kilovoltage switching between 80 and 140 kVp in 0.25 ms, in addition uses a MAR software called MARS. 7 This algorithm is combined with the monoenergetic reconstructions. Monoenergetic reconstructions with and without the MARS software were evaluated.
The Siemens CT scanner, a dual-source DECT scanner with the capability of reconstructing monoenergetic images, uses no additional MAR algorithm. However, besides the monoenergetic reconstructions, the scanner uses an application called DE-composition. The DE-composition images are, according to the vendor, reconstructed based on similar principles as the monoenergetic reconstructions but uses an additional noisereduction filter. The DE-composition setting is manually chosen by the user, on a scale from 21.0 to 1.0 which correlates to the weighting of the 140-kVp spectrum data and the 100-kVp spectrum data. A DE-composition value of 20.3 is recommended by the vendor for hip prosthesis imaging and was therefore used in this study.
For both the GE and the Siemens scanners, the energy level (keV level) used for the monoenergetic reconstructions is chosen by the operator. In this study, 110 keV was used for all monoenergetic reconstructions, which is in agreement with the results of a study by Meinel et al, 20 in which a DECT protocol was optimized for imaging of hip prostheses.
Visual grading evaluation
The MAR images and uncorrected images with modified scan parameters were evaluated by visual grading. Five radiologists independently evaluated axial CT images of the hip prosthesis phantom, blinded to the settings. The acquired images were compared with a reference image from the same CT scanner. The reference image was chosen to be the uncorrected 120-kVp CT image, reconstructed with a soft kernel and FBP. The visual inspection of the images was performed on dedicated picture archiving and communication system (PACS) reporting workstations by displaying the reference image on one-half of a medical-grade colour monitor with 1600 3 1200 pixel resolution and cycling through the test images on the other half. The monitors used were clinical systems which are regularly calibrated according to clinical routine. All comparisons were performed for each scanner separately; hence no images from different CT scanners were compared with each other.
Image quality was graded as much worse (22) , worse (21), equal (0), better (1) or much better (2) compared with the reference image based on 10 image quality criteria ( Figure 1 ). The radiologists used the default zoom and a standardized bone window (width/level of 2500/500) when evaluating the images, except for Criterion 10, where a soft-tissue window (width/level of 400/50) was used. The bone window was used since the main aim of the study was to evaluate the reproduction of the bone in the presence of metallic implants. The overall image quality was, however, also evaluated with a soft-tissue window for evaluating the water area (corresponding to the soft-tissue area in a patient). The radiologists had access to the entire image stack.
Image quality Criteria 1-2 of this study are from the pelvis section of the European Guidelines for Multislice CT. 24 Since no other existing image quality criteria were considered applicable for the phantom used, the remaining criteria were in-house developed together with a consultant radiologist to fit the purpose of this study.
The phantom was designed to make it possible to evaluate how the MAR techniques affect the image quality of bone surrounding hip prostheses, which is of importance when recognizing implant loosening and fractures (Criteria 5-6 and 8).
However, image quality criteria concerning the water area surrounding the bones and overall image quality were also included to evaluate the overall change in image quality for a certain setting (Criteria 3-4 and 9-10). The image quality of bones in image slices without any metal present was also evaluated (Criteria 1-2).
In order to evaluate the depiction of the implant itself, the radiologists graded the reproduction of the head and cup of the prosthesis (Criterion 7) and also measured the thickness of the cup. The radiologists were instructed to measure the thickness of the ventral part of the metallic right acetabular prosthesis at the mid-level of the head. The thickness of the cup was measured with a vernier caliper for comparison.
Statistical analysis
The median value of the radiologists' scores was calculated for each criterion and displayed in bar diagrams. The median scores for the different criteria were marked by colours in the diagrams, which makes it possible to see for which criterion the image quality was improved/worsened. If the image quality was considered improved based on a criterion, a positive value is shown in the diagram (10.1 for better image quality and 10.2 for much better). Likewise, a negative value is shown when the image quality was graded as worse based on a criterion (20.1 for worse image quality and 20.2 for much worse). This means that the total score is at maximum 2 (corresponding to all of the 10 criteria considered much better) or at minimum 22 (corresponding to all of the 10 criteria considered much worse). When the score for a certain criterion is not seen in the diagram, the median score was zero (meaning equal image quality to the reference image).
To determine if the complete image quality (composed of the 10 criteria) was statistically different compared with the reference image quality, regression analysis was used. This approach is an established way to statistically analyse data from visual grading experiments. Smedby and Fredrikson 25 described this way of handling dependent variables defined on an ordinal scale. In their article, the ordinal logistic regression (OLR) model was applied to the visual grading data. An equivalent approach, the ordinal probit regression (OPR) model was used in our analysis. The OPR model uses the normal distribution for the latent variable, instead of the logistic distribution. OLR and OPR models are essentially the same, except for that OPR model approaches the probabilities of 0 and 1 quicker than the OLR model. 26 Since the scores from our visual grading experiment were extremely centralized (Scores 3 and 4 account for .85% of all gradings), the OPR model was used to increase the distinguishability of the model around the median score.
Coefficients of the probability unit were estimated from the OPR model, by adjusting for image quality criterion and radiologist. Scores for each image quality criterion and from all radiologists were included in these calculations. In the analysis, every criterion was considered to be of equal importance for the image quality. A positive coefficient indicates that the acquired image has a greater probability of receiving a higher image quality score than the reference image. A negative coefficient means that the acquired image has a smaller probability of receiving a higher score than the reference image. In such cases where the images were judged to be equal to the reference image, based on every image quality criterion, the coefficient and confidence interval could not be estimated using the OPR model.
When estimating coefficients of the OPR model, sandwich robust estimator was used to estimate standard error when variance was abnormally large, 27 and the jackknife resampling method was used to estimate coefficient and corresponding credible interval when the OPR had convergence problem in using maximum likelihood estimation. 28 Adjusted p-values for multiple comparisons were calculated using Holm's sequential Bonferroni method. 29 The adjustment considered all the 36 comparisons of the 4 CT vendors. A pvalue of ,0.05 was considered statistically significant. STATA® v. 14.1 (StataCorp LP, College Station, TX) was used to perform the statistical analysis. In Table 2 the results of the statistical analysis are presented. The coefficients of acquired or reference image variable and corresponding confidence intervals are shown, together with the adjusted p-value.
RESULTS

In
Philips
In the visual grading of the images from the Philips CT scanner, every O-MAR image series received significantly higher scores (p 5 0.021 for one series and p , 0.001 for the rest) than the reference image ( Figure 6a , Table 2 ). In Table 2 , it can be seen that the OPR model coefficients for the O-MAR images were all positive (ranging from 0.83 to 18.90).
The uncorrected series reconstructed with a sharper kernel and IR also received significantly higher scores (p 5 0.003) than the reference image, but the total score was not as high as for the O-MAR image series. The O-MAR images reconstructed with IR in general resulted in higher scores.
Toshiba
The Toshiba SEMAR CT images reconstructed with a soft kernel received significantly higher scores (p , 0.001) than the reference image ( Figure 6b , Table 2 ). For the SEMAR images combined with IR, the image quality of the head and the cup of the prosthesis (Criterion 7) was, however, considered much worse than the reference image. This degradation in image quality appeared in the form of high-density streaks adjacent to the implant.
One of the uncorrected Toshiba image series showed significantly improved image quality (p , 0.001). The SEMAR images, however, received higher scores for the image quality adjacent to the stem (Criterion 8) than the uncorrected images. The Toshiba CT images reconstructed with a sharper kernel and FBP were scored as worse or much worse for almost every criterion.
GE
The results of the visual grading of the uncorrected GE images showed that the use of sharper reconstruction kernel or IR did not change the perceived image quality (Figure 6c , Table 2 ). In general, the monoenergetic images showed improvement in only the reproduction of the cup of the prosthesis (Criterion 7) compared with the GE reference image and showed degraded image quality based on a number of other criteria.
When MARS was combined with the monoenergetic reconstructions, the image quality was improved for several criteria. The image quality adjacent to the stem (Criterion 8) was considered better or much better in the monoenergetic reconstructions combined with MARS. An overall significant improvement in image quality (p , 0.001) was only seen for the MARS image reconstructed with FBP and a soft kernel. The image quality of bone in images without any metal (Criteria 1-2) was considered worse than in the reference image for all monoenergetic reconstructed series, both with and without the use of MARS.
Siemens
In the visual grading evaluation of the Siemens CT images, three of the monoenergetic reconstruction series showed a significantly improved image quality (p , 0.004) compared with the Siemens reference image ( Figure 6d , Table 2 ). However, none of the series received a higher total score than 0.5. No series reconstructed with the DE-composition application resulted in a significant image quality improvement.
Overall, the monoenergetic reconstructions and the DEcomposition images showed improved image quality adjacent to the head, cup and stem (Criteria 7-8) and improved overall image quality in some cases (Criteria 9-10). The uncorrected images acquired with a sharper kernel improved the reproduction of bone in image slices containing no metal (Criteria 1-2) but resulted in worse image quality based on several other criteria. Figure 7 shows the mean values of the radiologists' measurements of the cup. The cup thickness was physically measured to approximately 7 mm. The results show that monoenergetic reconstructions combined with the MARS algorithm of the GE CT scanner depicted the cup as being as thin as 2 mm. In the uncorrected Toshiba images reconstructed with IR, the cup was measured to up to 9 mm.
Cup thickness
DISCUSSION
This study evaluates the use of MAR techniques in hip prosthesis images for four CT vendors in a consistent way. However, no images from different CT scanners are compared with each other and therefore this evaluation could not be used as a direct comparison between the different scanners.
The O-MAR algorithm of the Philips CT scanner generally improved the image quality for the majority of the criteria, and every O-MAR series showed significantly improved image quality. The Toshiba SEMAR series reconstructed with a soft kernel and only one of the GE MARS series were shown to be of significantly higher image quality than the corresponding reference images. The lack of significance was due to the fact that the image quality was considered to be worse based on a couple of criteria, even though the image quality was scored to be improved for the majority of the criteria.
The images obtained with monoenergetic reconstruction alone, acquired with the GE CT and the Siemens CT scanners, only resulted in improved image quality based on a few criteria. The monoenergetic images of the GE CT, reconstructed without the MARS algorithm, were even scored as worse than the reference image for several image regions (up to 7/10 of the criteria). A few of the Siemens monoenergetic reconstruction series showed significantly overall improved image quality, but the total scores were relatively low. The highest total score for the Siemens monoenergetic images was 0.5, compared with maximum total scores of 1.2, 0.9 and 0.8 for the MAR algorithm images from the Philips CT, Toshiba CT and GE CT scanners, respectively.
Several previous studies of monoenergetic reconstructions have concluded effective reduction of artefacts caused by larger metallic implants, [19] [20] [21] [22] whereas other authors have reported on less efficient reduction of metal artefacts when monoenergetic reconstruction is used solely, without any additional MAR algorithm. 5, 12 Monoenergetic reconstruction is utilized to reduce beam hardening artefacts. However, since artefacts due to metallic implants are also caused by photon starvation among other effects, the exclusive use of monoenergetic reconstruction may not be sufficient for reducing artefacts caused by large orthopaedic implants, which the result of the current study also indicates.
Commercial MAR algorithms have been shown to reduce metal artefacts caused by large orthopaedic implants. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, additional artefacts created by the MAR algorithms have been stated as a drawback. 5, 7 Han et al 7 evaluated monoenergetic reconstructions of a GE CT scanner, with and without MAR software, and reported improved overall image quality in the pelvic cavity in patients with hip prostheses when MAR was used, but new artefacts were also seen when using the MAR algorithm. The creation of new artefacts when using MAR algorithms was clearly seen also in the current study, particularly when the SEMAR algorithm was used for the Toshiba CT scanner.
A previous study performed by Gondim Teixeira et al 8 showed that the SEMAR algorithm, in combination with IR, improved the image quality of periarticular soft-tissue structures in patients with hip prostheses. The depiction of structures adjacent to the prostheses, the iliopsoas tendon and the sciatic nerve, was improved when SEMAR was used but still of mediocre quality. Our evaluation of the SEMAR algorithm also showed that the image quality was improved in several image areas, but the image quality adjacent to the head and cup of the prostheses was, in general, considered worse or much worse compared with the reference image. This image degradation appeared as additional streaking artefacts close to the head of the prosthesis. The effect was especially distinct when the SEMAR algorithm was used in combination with IR.
In the current study, the radiologists generally scored the reproduction of the head and cup of the prosthesis (Criterion 7) in the GE MARS images as worse than or equal to the reference image. The reason for this might be that even though artefacts in some of the areas close to the head and cup were reduced, the cup itself was depicted as very thin and even partly disappeared. The disappearance of parts of the cup was confirmed by the image measurements performed by the radiologists (Figure 7) . Disappearance of metal implants and underestimation of implant size in images reconstructed with MAR algorithms have previously been reported. [10] [11] [12] The findings of both disappearance of metal implants and the creation of new artefacts suggest that images reconstructed with and without the MAR algorithm should always be reviewed together to reduce the risk of misinterpretation.
An overall preferable choice of reconstruction kernel and reconstruction technique was not possible to decide based on this evaluation. The GE MARS images reconstructed with IR resulted in lower scores than the corresponding FBP images. For the Philips O-MAR images, on the other hand, the images reconstructed with IR resulted in further improved image quality, compared with the FBP images. However, reconstruction technique and reconstruction kernel used should be chosen according to the clinical question in the specific case. The use of a sharper kernel may not be appropriate for diagnosis of soft tissues and organs in the pelvic region, and a soft kernel in combination with a MAR algorithm may then be preferred.
The main objective of this study was to evaluate the visualization of bone close to hip prostheses; hence a phantom containing bone was used. The image quality of bone adjacent to the prosthesis is of interest when diagnosing prosthesis loosening or fractures. The result of this evaluation indicates for which clinical questions the different MAR techniques could be suitable. For example, if diagnosing prosthesis loosening is the purpose of the CT examination, improved image quality in areas close to the head, cup and stem of the prosthesis would especially be of interest (Criteria 7-8).
A study of a phantom containing soft tissue would also be of interest, to be able to analyse how the MAR techniques affect such structures. In this study, water was used as a substitute for soft tissue. Water has a lower attenuation coefficient than muscles which also implies that it may be of value to design a phantom where soft tissue substitutes some of the water volume, to obtain a more representative simulation of a human body. To evaluate the MAR techniques in the case of a unilateral hip prosthesis would also be of interest.
Another limitation of the design of the phantom used in this study may be that the dimensions of the calf bones were too large to represent human bones. It was noted that the new artefacts created adjacent to the head and cup of the prostheses Figure 6 . The result of the visual grading study of the images from the four CT scanners; (a) Philips Healthcare (Best, Netherlands), (b) Toshiba Medical Systems (Otawara, Japan), (c) GE Healthcare (Milwaukee, WI) and (d) Siemen Healthcare (Forchheim, Germany). The scores are median values of the five radiologists' visual grading of the images as much worse, worse, equal, better or much better compared with the reference image. The scores for the different image quality criteria [Criteria (Cr.) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] are shown by different colours. The total score is at maximum of 2 (corresponding to all of the 10 criteria considered much better) or at minimum of 22 (corresponding to all of the 10 criteria considered much worse). Where a certain criterion is not marked in the diagram, the median value was zero in that case. FBP, filtered backprojection; IR, iterative reconstruction. Table 2 . The result of the statistical analysis of the visual grading evaluation where images from CT scanners from (a) Philips Healthcare (Best, Netherlands), (b) Toshiba Medical Systems (Otawara, Japan), (c) GE Healthcare (Milwaukee, WI) and (d) Siemens Healthcare (Forchheim, Germany) were compared with a reference series from the same CT. The estimated coefficient, shown together with the confidence level (CI), shows whether the tested image has a greater probability (positive value) or smaller probability (negative value) of receiving a higher score than reference image. in the Toshiba SEMAR CT images were especially severe in the sections containing the thickest bone parts.
To further evaluate the MAR techniques, the scan protocols should be optimized both in the aspect of dose and of the level of IR. In this study, the same CTDI vol32 and one intermediate level of IR was used to keep the scan protocol as similar as possible for the four CT scanners. In the case of monoenergetic reconstructions, different keV levels should also be tested further. The image quality of bone in sections without any metal present became worse when monoenergetic reconstructions were applied for the GE CT scanner. These kinds of effects should be carefully evaluated when varying the keV level of monoenergetic reconstructions.
CONCLUSION
This visual grading study of bilateral hip prosthesis phantom CT images showed that the MAR algorithms tested significantly improved the image quality. The image quality was in general improved based on the majority of the criteria. However, new artefacts and disappearance of parts of the metallic implants were noted. Hence, careful evaluation of a MAR algorithm, for the specific clinical situation considered, is always necessary. The use of the tested monoenergetic reconstructions alone only improved image quality in a few image regions or even worsened image quality based on several criteria. Monoenergetic reconstructions were therefore concluded to be insufficient for reducing metal artefacts caused by hip prostheses. Figure 7 . The result of the measurements of the cup thickness in the phantom images acquired with CT scanners from Philips Healthcare (Best, Netherlands), Toshiba Medical Systems (Otawara, Japan), GE Healthcare (Milwaukee, WI) and Siemens Healthcare (Forchheim, Germany). The cup thickness was physically measured to 7 mm. DE, dual energy; FBP, filtered backprojection; MAR, metal artefact reduction; IR, iterative reconstruction.
